Introduction {#s1}
============

Research is increasingly focusing on promoting healthy aging and the associated extension of the health span by targeting crucial biological processes responsible for age-related health conditions (Barzilai et al., [@B2]). Healthy aging has become one of the leading health care goals of our time, with the World Health Organization (WHO) recently declaring a "Decade of Action on Healthy Aging" (World Health Organization, [@B72]). Generally speaking, healthy aging can be defined as the "process of developing and maintaining the functional ability that enables well-being in older age" (World Health Organization, [@B71], p. 28). Overall, life expectancy has increased dramatically over the last 150 years, rising even more sharply in the last few decades (World Health Organization, [@B70]). At the same time, due to a slower increase in birth rates, the world population is facing a growing proportion of older individuals (Beard et al., [@B5]). Living the gained years of life in good health is a prioritized aim not only for each individual, but also for society in general, in order to reduce the large economic burden of chronic diseases in the elderly (Beard and Bloom, [@B4]; World Health Organization, [@B72]). To achieve this, it is crucial to investigate biological influences (e.g., hormone secretion and genetic markers) on physical health and well-being, comprising both physical and psychological aspects.

Psychological well-being changes throughout the lifespan. It is mostly measured based on the individual's subjective perception and comprises three essential components: life satisfaction, presence of positive affect and absence of negative affect (Diener and Lucas, [@B18]). Subjective well-being has been found to be relatively stable until very old age, whereupon it declines due to health constraints. This stability despite age-related physical health decline has been called the well-being paradox (Kunzmann et al., [@B38]; Hansen and Slagsvold, [@B31]). The individual psychological well-being can be influenced by various biological factors such as hormone secretion, with the mood-altering properties of testosterone (T) being especially crucial for aging males (Walther and Ehlert, [@B63]). Furthermore, genetics plays an important role, not only in physiology but also in subjective well-being (Weiss et al., [@B67]). More specifically, the androgen receptor gene polymorphism has been linked to personality factors that are closely associated with well-being (Weiss et al., [@B67]; Westberg et al., [@B69]). While another study with three distinct samples did not replicate the finding that the androgen receptor gene polymorphism functions as a predictor of well-being in the general population sample, it was a predictor in the two patient samples (Schneider et al., [@B50]). However, the aforementioned study assessed general well-being rather than specifically psychological well-being.

In most individuals, physical health deteriorates with higher age and often results in frailty and multimorbidity (Huisman et al., [@B34]; Lowsky et al., [@B40]; Guthrie and Boyd, [@B29]; Rockwood, [@B48]). However, a general population study found that even in a group of 8,059 individuals aged 85 years and older, 56% of participants reported that they did not experience any health-related limitations (Lowsky et al., [@B40]). Thus, one important marker of healthy aging is the subjective physical health status (Han et al., [@B30]). Previous research has described multiple potential biological influences, such as age-related changes in hormone secretion patterns or genetic markers (Feldman et al., [@B21]; Tirabassi et al., [@B56]; Walther et al., [@B65]).

Steroid hormones show distinct trajectories of stability, decrease or increase throughout the aging process. With regard to the hypothalamic-pituitary-gonadal (HPG) axis, the primary male sex steroid T significantly decreases with age, whereas estradiol (E2) shows stability or a slight decline (Vermeulen et al., [@B59]; Fiacco et al., [@B22]). For example, the effect size of the T decrease has been shown to be *r* = 0.46 in an influential population-based study with 1156 individuals (Feldman et al., [@B21]). These changes can mainly be attributed to the decreased function or attrition of the Leydig cells in the testes. In addition, increased concentrations of circulating sex hormone-binding globulin (SHBG) and a higher conversion rate of T to E2 by the enzyme aromatase within the body's fat cells further lead to markedly reduced testosterone levels (Vermeulen, [@B58]; Samaras et al., [@B49]). The hypothalamic-pituitary-adrenal (HPA) axis also undergoes distinct changes throughout the aging process, leading to increased cortisol secretion (Karlamangla et al., [@B36]). The increase in C is a consequence of age-related changes in glucocorticoid and mineralocorticoid receptor quantities, increased corticotropin-releasing hormone secretion from the hypothalamus and decreased sensitivity of the feedback mechanisms of the HPA axis (Zhou and Swaab, [@B73]; Gupta and Morley, [@B28]). Following the principle of homeostasis (Cannon, [@B10]; Joseph and Whirledge, [@B35]), mutual adaptations between the HPA and HPG axes aiming for an endocrine balance, and also within the HPG axis itself, have been suggested as important factors determining an individual's health (Sollberger and Ehlert, [@B53]). Thus, it is important to respect the interaction between the different hormones of the two main endocrine axes.

Investigating the interaction between different steroid hormones can be a promising and insightful strategy to investigate the interplay of different hormonal axes and the interplay of hormonal end products within a single endocrine axis (Sollberger and Ehlert, [@B53]). A prospective cohort study on over 2,500 men, investigating the hormone ratio and coronary heart disease, found positive associations of the T and C ratio with the risk of cardiovascular events (Smith et al., [@B51]). The same study further linked the T and C ratio to physical health factors such as BMI or blood pressure. Moreover, emotion regulation, which is closely related to psychological well-being, was positively associated with the T and C ratio in 19 participants of an fMRI study in healthy men (Denson et al., [@B17]). For another prominent hormone ratio, the T and E2 ratio (TE2r), results indicated a positive association with disease risk (Schneider et al., [@B50]; Gong et al., [@B26]). To the best of our knowledge, there are not yet any studies investigating the TE2r with respect to psychological well-being. Since hormone ratios can be criticized, obscuring the influence of each hormone on the effect, it is important to additionally respect literature on hormone interactions without the calculation of ratios (Sollberger and Ehlert, [@B53]). In a recent review, T has been described as influencing physical health factors such as frailty in elderly men (Gordon and Hubbard, [@B27]). T has also been found to have a positive influence on psychological well-being, while a rather low C secretion can have the same effect. Studies investigating E2 need to be done, yet (Rector and Friedman, [@B47]). In general, since the field of positive psychology is very young, studies specifically investigating the association between hormones and psychological well-being or their interaction are very scarce (Rector and Friedman, [@B47]).

Genetic differences in the androgen receptor gene influence androgen action on target cells and modulate the association between androgens and physical health and well-being. The androgen receptor gene is located on the X chromosome at the location q11-q12 and comprises eight exons. The first exon of the androgen receptor gene contains a distinct cytosine-adenine-guanine (CAG) repeat sequence, which varies in repeat length between 10 and 36 for healthy individuals (Tirabassi et al., [@B56]). This variation has been suggested to modulate the androgen receptor binding affinity, affecting the androgen receptor action in response to receptor binding (Chamberlain et al., [@B11]; Rajender et al., [@B46]). This could lead to altered availability and function of androgens and, since the endocrine system is dynamic in nature, the HPA axis is influenced in its' function by this as well (Terburg et al., [@B55]). Previous research on the CAG repeat length and endocrine secretion has yielded mixed results, with one population-based longitudinal study reporting negative associations with T levels (Krithivas et al., [@B37]) and a more recent study failing to confirm this association (Eendebak et al., [@B19]). Another study suggested that higher CAG repeat length is not associated with altered T secretion, but is associated with increased E2 action (Huhtaniemi et al., [@B33]). Furthermore, associations with psychological traits have been found. More specifically, the CAG repeat length was negatively associated with aggression (*r* = −0.365) in a study of 645 convicted criminals, showing a moderate effect size (Rajender et al., [@B46]). Furthermore, individuals in the shorter CAG repeats group showed higher values on extraversion and neuroticism in a study of 141 individuals (Westberg et al., [@B69]). All of the above-mentioned traits can influence psychological well-being (Strickhouser et al., [@B54]). Finally, the CAG repeat length has previously been associated with health conditions. A low CAG repeat was associated with a greater risk of prostate cancer, with odds ratios of up to 3.7, in an influential review article (Nelson and Witte, [@B45]), while a higher CAG repeat was associated with infertility in a study comparing 37 infertile with 50 fertile individuals (Wallerand et al., [@B62]).

The biopsychosocial model (Engel, [@B20]; Wade and Halligan, [@B61]) postulates interactions between psychosocial and biological markers. However, to date, no study has investigated the interplay between the influence of hormonal axes and the androgen receptor gene on changes in psychological well-being and subjective physical health specifically in healthy aging men. We hypothesize that physical health decreases, psychological well-being remains stable and both, the TCr and TE2r decrease. Furthermore, we hypothesize that the interactions between the assessed steroid hormones, through their rather short-term secretory nature, influence the change in psychological well-being, while the CAG repeat length moderates the change in physical function.

Materials and Methods {#s2}
=====================

Participants {#s2-1}
------------

For the current study, we longitudinally investigated 97 healthy aging men from the Men's Health 40+ study at two timepoints (Walther et al., [@B65]). All men were between 40 and 75 years of age at the time of the baseline measurement. To ensure the investigation of healthy aging men at both time points, participants were screened before inclusion in the study. First, all participants were asked "How would you describe your current health?," which is the first item of the Short Form 36 Health Survey (Bullinger and Kirchberger, [@B9]). This item is rated on a scale encompassing very bad, bad, good, very good and excellent. To be eligible for study inclusion, participants had to be fluent in the German language and had to describe their health as at least good at both time points, suggesting that participants perceived a continuously high level of subjective health during the time of study. Participants who reported acute or chronic medical conditions, psychiatric disorders, psychopharmacological treatment (including T supplementation) or psychotherapy were excluded. The study was approved by the local ethics committee and all participants accepted the terms of the study and gave their written informed consent.

Procedure {#s2-2}
---------

The study comprised two timepoints spanning 4 years. At each time point, the study was divided into two parts. The first part consisted of three consecutive questionnaire batteries, each lasting for 1 h, including questionnaires measuring subjective health and physical health. For the second part of the study, participants underwent a laboratory assessment at the laboratory facilities of the psychological institute. During this assessment, participants provided saliva samples and blood samples and underwent various other physiological measures such as bioelectrical impedance analysis to investigate the body composition. Detailed information on the study procedure is reported elsewhere (Walther et al., [@B65]).

Questionnaire {#s2-3}
-------------

For the investigation of psychological well-being and physical health, the German version of the Short Form 36 Health Survey (SF-36) questionnaire was used (Bullinger and Kirchberger, [@B9]). The SF-36 is a widely used, well-validated self-report questionnaire consisting of eight subscales, of which the psychological well-being and physical health subscales were used for the current study. The internal consistency for the scales used was in line with the originally reported values, being mostly over *α* = 0.70. For the physical health scale, the internal consistency was *α* = 0.66 at baseline and *α* = 0.70 at follow-up. For the psychological well-being scale, the internal consistency was *α* = 0.80 at baseline and *α* = 0.73 at follow-up.

Hormone Analyses {#s2-4}
----------------

All hormone samples were taken between 8:00 and 8:15 a.m. during the laboratory assessment. Participants provided fasting saliva samples (SaliCaps, IBL International GmbH, Hamburg, Germany) under the supervision of trained study personnel. After collection, samples were stored at −20°C until analysis. T and E2 were analyzed using a luminescence immunoassay (Goncharov et al., [@B25]). The intra- and inter-assay variation for T and E2 was below 10%, with sensitivities of 1.8 pg/ml for T and 0.3 pg/ml for E2. C was measured using an enzyme-linked immunosorbent assay, with an intra- and inter-assay variation below 10% and a sensitivity of 30 pg/ml (Chiappin et al., [@B12]). To standardize the units, C was transformed from nmol/L to pg/ml. Afterward, hormone ratios were calculated. After calculation, both ratios were log-transformed to smooth the distribution and therefore were then normally distributed (Sollberger and Ehlert, [@B53]).

Genetic Analyses {#s2-5}
----------------

Blood samples were assessed using the dried blood spot method (Fischer et al., [@B24]), in which participants provided four drops of blood on a filter paper consisting of pure cellulose (Protein Saver Snap Apart, Forest Farm Industrial Estate, Cardiff, UK). Analysis of DNA with dried blood spots has been shown to be a reliable and valid procedure to analyze polymorphisms (Demirev, [@B15]). The sample collection took place under standardized laboratory conditions immediately after saliva samples were taken. After drying the samples for at least 4 h, they were frozen and stored at −20°C until analysis. During analysis, genomic DNA was extracted from three filter paper punches of 3 mm diameter each, using the QIAGEN QIAamp DNA Investigator Kit (Qiagen, Hombrechtikon, Switzerland). The genetic analyses themselves were conducted applying the capillary electrophoresis method, using the Applied Biosystems 3730XL Sequencer (Thermo Fisher Scientific, Waltham, MA, USA) with protocols and primers according to Westberg et al. ([@B68]). For the determination of the fragment lengths, the GeneMapper Software v3.7 (Thermo Fisher Scientific, Waltham, MA, USA) was used.

Statistical Analysis {#s2-6}
--------------------

To investigate the association of steroid hormone and their interactions and the androgen receptor gene polymorphism with the change in psychological well-being and physical health over time, two different sets of analyses were conducted. All analyses were performed in R (v 3.4.3), using the "lme4" package (Bates et al., [@B3]). The normality of the residuals was tested visually by inspecting the QQ-plots. Hormone variables were log-transformed to facilitate normality of the residuals. No crude violations of the normality of the residuals were detected. The first step of the analyses investigated the longitudinal linear mixed model change in psychological well-being, self-reported physical health and the hormone ratios. In a subsequent step, two separate moderation analyses were conducted to investigate whether the hormones and their interactions or the androgen receptor gene polymorphism influence the change in psychological well-being or physical health over time. It is important to note that for all analyses with dynamic parameters (except for the androgen receptor), we used longitudinal data instead of only baseline values, in order to incorporate the dynamic nature into the analyses. Moderation analyses with both hormone ratios were conducted in individual models for each ratio, with subsequent individual interaction analyses of the single hormones. Models for the hormonal interactions included both interaction terms for T and E2, or T and C, respectively, in the same model. The two-step analysis was conducted to enable a broader analysis of steroid hormone interactions, followed by a detailed, statistical interaction term analysis to determine which of the hormones exhibits a stronger impact on the effect. Taken together there were seven separate models. Two individual models for the hormone ratios\*time, three separate models for all single hormones as predictors and one model for the T\*time and C\*time and one for the T\*time and E2\*time interaction terms. All analyses were controlled for physical activity, educational level, income, medication intake, and fat mass. To control for differing trajectories between different age groups, age was also used as a covariate. Furthermore, for all analyses with the hormones and their interactions, the androgen receptor gene polymorphism was added as a covariate. For the androgen receptor gene polymorphism moderations (i.e., CAG repeat length), (longitudinal) *T* values were added as a covariate to account for the potential interdependence of the androgen receptor and T.

Results {#s3}
=======

Sample Characteristics {#s3-1}
----------------------

At baseline, 271 participants were included in the study. However, only 130 participants completed the screening for the follow-up and 97 participants completed the whole study at the second time point. The participants were invited at the T1 for a cross-sectional study and were then re-invited for a follow-up approximately 4 years after initial testing. Due to the initial cross-sectional design of the study, most participants who refused participation for the second wave did so because they did not expect a follow-up. After completion of the screening, participants who dropped out reported that they did not have sufficient time for the study or they were no longer eligible (i.e., no longer reported at least good self-rated health). Detailed information on the dropout rate is described elsewhere (Lacker et al., [@B39]).

The sample characteristics are described in [Table 1](#T1){ref-type="table"}. Participants were on average 61.26 (*SD* = 10.02) years old at baseline and 65.18 (*SD* = 9.98) years old at follow-up. The BMI was approximately 25 at both time points, with only minor changes. The majority of participants were in a relationship or married at both time points. Over 40% of participants held a university degree, while 24% of participants reported having completed secondary school as their highest educational attainment. Most participants earned between 50,000 and 1,50,000 CHF (50,000--1,50,000 USD) annually. At both time points, over 80% of participants reported being non-smokers. Around 60% of participants at baseline and 53% at follow-up did not take any regular medication. Of the participants taking medication, almost half took antihypertensive medication or vitamins and minerals, and a further 50% took "other" medication, which included mostly cholesterol and bowel-regulating medications. With regard to physical activity, baseline results indicated that 66% of participants were physically active for 4--6 h or more per week, while this proportion increased by 12%, to a total of 78%, at follow-up.

###### 

Sample characteristics.

                               Baseline   Follow-Up                            
  ---------------------------- ---------- ----------- --------- ---- --------- ---------
  Age                          97         61.26       10.02     97   65.18     9.98
  BMI                          95         25.16       2.57      97   25.51     4.31
  Fat mass in percent (%)      95         22.42       5.43      97   20.58     7.03
  CAG repeats                  −          −           −         94   17.8      3.07
  C (pg/ml)                    95         1,424.3     1,396.5   97   2,169.9   1,597.5
  T (pg/ml)                    93         42.53       18.44     96   37.88     26.28
  E2 (pg/ml)                   94         1.46        1.06      97   1.63      1.69
  Physical health              97         65.47       3.93      96   65.36     4.09
  Psychological well-being     97         25.58       2.87      96   25.67     2.87
  Marital status (%)           97                               96             
     Single                               8           8.25           5         5.21
     In relationship                      8           8.25           10        10.42
     Married                              70          72.16          70        72.92
     Divorced                             10          10.31          10        10.42
     Widowed                              1           1.03           1         1.04
  Education (%)                97                               96             
     Middle school                        8           8.25           9         9.38
     Secondary school                     23          23.7           23        23.96
     Grammar school                       7           7.22           7         7.29
     University degree                    43          44.33          46        47.92
  other                                   16          16.49          11        11.46
  Income (in CHF, %)           97                               96             
     No income                            1           1.03           1         1.04
     Up to 30,000                         3           3.09           3         3.13
     30,001--50,000                       7           7.22           4         4.17
     50,001--1,00,000                     35          36.08          38        39.58
     1,00,001--1,50,000                   35          36.08          38        39.58
     1,50,001--2,00,000                   12          12.37          7         7.29
     More than 2,00,000                   4           4.12           5         5.21
  Smoking (%)                  97                               96             
     Non-smoking                          82          84.54          83        86.46
     Smoking                              15          15.46          13        13.54
  Medication (%)               97                               96             
     No                                   59          60.08          51        53.13
     Yes (details see below)              38          39.18          45        46.88
  Type of medication^a^ (%)    38                               45             
     Antihypertensives                    23          45.09          28        45.16
     Vitamins and minerals                1           1.96           5         8.06
     Other                                27          52.94          29        46.77
  Physical activity (%)        97                               96             
     Less than 1 h                        1           1.03           1         1.04
     1--3 h                               32          32.99          20        20.83
     4--6 h                               40          41.24          51        53.13
     7 or more                            24          24.74          24        25.00

*^a^Participants could indicate more than one medication. Note. N, Number of participants; M, Mean; Freq., Frequency; SD, Standard deviation; %, Percent; C, Cortisol; T, Testosterone; E2, Estradiol; CHF, Swiss Francs*.

Mixed Model Analyses and Descriptive Data {#s3-2}
-----------------------------------------

The mean CAG repeat length was 17.8 (*SD* = 3.07) and approximately normally distributed (data not shown). Participants had a raw mean C level of 1,424.3 (*SD* = 1,396.5) pg/ml at baseline, which increased to 2169.9 (*SD* = 1,597.5) pg/ml at follow-up. For raw T, the results indicated a mean T level of 42.53 (*SD* = 18.44) pg/ml at baseline and a decreased T level of 37.88 (*SD* = 26.28) at follow-up. Raw E2, however, remained rather stable, with a slight increase from 1.46 (*SD* = 1.06) pg/ml at baseline to 1.63 (*SD* = 0.17) at follow-up. For the hormone ratios, the raw Testosterone/Cortisol ratio decreased from 0.06 (*SD* = 0.05) pg/ml to 0.03 (*SD* = 0.03) pg/ml, while the raw Testosterone/Estradiol ratio decreased from 43.35 (*SD* = 30.02) pg/ml to 38.52 (*SD* = 41.95) pg/ml. Mixed model analyses for the change in single hormones can be derived from Lacker et al. ([@B39]). The self-reported physical health remained stable, with values of 65.47 (*SD* = 3.93) at baseline and 65.36 (*SD* = 4.09) at follow-up. Psychological well-being remained similarly stable, with a mean of 25.58 (*SD* = 2.87) at baseline and 25.67 (*SD* = 2.87) at follow-up. The mixed model analyses with random intercepts (detailed information shown in [Table 2](#T2){ref-type="table"}) yielded no significant results for the change in physical health and psychological well-being, while both hormone ratios decreased significantly (TCr: *b* = −0.756, *SE* = 0.134, *p* \< 0.001; TE2r: *b* = −0.347, *SE* = 0.098, *p* \< 0.001).

###### 

Results of the linear mixed model analyses.

                                                                                    Linear mixed model results over time                                                
  --------------------------------------------------------------------------------- -------------------------------------- ------- -------- ------- --------- --------- --------
  Physical health                                                                   1,042                                  1,059   0.143    0.389   0.367     −0.627    0.911
  Psychological well-being                                                          898                                    912     −0.058   0.262   0.825     −0.578    0.459
  **Linear mixed model results moderation analyses for physical health**                                                                                                
     TCr\*time                                                                      1,042                                  993     0.556    0.496   0.265     −0.436    1.534
     TE2r\*time                                                                     1,042                                  996     −0.346   0.564   0.540     −1.470    0.765
     T                                                                              1,042                                  992     1.343    0.400   \<0.001   \<0.544   2.150
     C                                                                              1,042                                  1,000   0.443    0.320   0.168     −0.194    1.093
     T\*time                                                                        1,042                                  986     −0.188   0.865   0.828     −1.960    1.530
     C\*time                                                                        1,042                                  986     0.001    0.591   0.999     −1.169    1.196
     E2                                                                             1,042                                  1,011   0.034    0.356   0.923     −0.673    0.744
     T\*time                                                                        1,042                                  993     −1.049   0.961   0.277     −3.027    0.865
     E2\*time                                                                       1,042                                  993     0.741    0.595   0.215     −0.432    1.944
     CAG repeat\*time                                                               1,042                                  1,010   −0.271   0.117   0.023     −0.503    −0.039
  **Linear mixed model results moderation analyses for psychological well-being**                                                                                       
     TCr\*time                                                                      898                                    863     −0.289   0.343   0.401     −0.974    0.387
     TE2r\*time                                                                     898                                    864     1.076    0.375   0.005     0.336     1.820
     T                                                                              898                                    870     0.222    0.284   0.436     −0.365    0.826
     C                                                                              898                                    870     −0.121   0.218   0.579     −0.554    0.320
     T\*time                                                                        898                                    866     −0.027   0.600   0.964     −1.238    1.157
     C\*time                                                                        898                                    866     0.533    0.411   0.198     −0.285    1.379
     E2                                                                             898                                    876     0.414    0.246   0.094     −0.080    0.912
     T\*time                                                                        898                                    867     1.165    0.643   0.073     −0.124    2.434
     E2\*time                                                                       898                                    867     −1.006   0.395   0.013     −1.785    −0.217
     CAG repeat\*time                                                               898                                    881     −0.081   0.079   0.312     −0.238    0.077

*N, 97; T, Testosterone; C, Cortisol; E2, Estradiol; AIC0, Akaike criteron of the null model; AIC, Akaike criterion; SE, standard error; p, *p*-value; CI, Confidence interval*.

The results of the moderation analyses are described in [Table 2](#T2){ref-type="table"}. Moderation analyses for the longitudinal change in physical health did not yield significant results for the interaction of T and E2, T and C and the hormone ratios. However, T was a significant predictor of physical health, meaning that it significantly influenced the intercept for physical health (*b* = 1.34, *SE* = 0.40, *p* \< 0.001). Additionally, when using the CAG repeat length (*b* = −0.27, *SE* = 0.12, *p* = 0.023) as moderator (CAG repeat\*time) a significant moderation effect on the change in physical health was found, showing an increase for lower CAG repeats. For the longitudinal change in psychological well-being, on the other hand, the results indicated a significant moderation effect of E2 (*b* = −1.01, *SE* = 0.40, *p* = 0.013), but only a trend for T (*b* = 1.17, *SE* = 0.64, *p* = 0.073), on the changes over time, whereas the CAG repeat and the interaction of T and C were not significant moderators of the change in psychological well-being. Furthermore, there was a significant moderation effect of the TE2r on psychological well-being (*b* = 1.076, *SE* = 0.374, *p* = 0.005).

[Figure 1](#F1){ref-type="fig"} graphically depicts the three significant moderation effects; however, it is important to note that the grouping was conducted for reasons of simplicity, and all moderation analyses used continuous variables as moderators.

![Graph showing moderation effects for all significant interactions. Panel **(A)** showing the influence of the androgen receptor polymorphism cytosine-adenine-guanine (CAG repeat) on the course of physical health, Panel **(B)** showing the influence of E2 on the course of psychological well-being. High is 1SD above the sample mean, Medium the sample mean and Low is 1SD below the sample mean.](fnhum-14-00043-g0001){#F1}

Additionally, the supplementary material shows a correlation matrix for all variables that were used in the study. [Supplementary Tables S1, S2](#SM1){ref-type="supplementary-material"} show bootstrapped zero-order two-tailed correlations and two-tailed partial correlations, controlling for age, education, income, fat mass, and physical activity.

Discussion {#s4}
==========

In this longitudinal study on healthy aging men, we found that both hormone ratios decreased over time, while self-reported physical health and psychological well-being remained stable. Moreover, E2 moderated the course of psychological well-being, insofar as the change in psychological well-being differs between individuals in relation to the (longitudinal) E2 values, if *T* values are taken into account. None of the other assessed hormones moderated psychological well-being or physical health. T was, however, found to be a significant predictor of physical health. Additionally, the androgen receptor gene polymorphism had an impact on the course of physical health: the trajectory of physical health changes with the number of CAG repeats.

In general, the literature on age-related hormone alterations in men reports a decrease in sex hormones, with the exception of E2, and an increase in glucocorticoid levels is also well documented (Fiacco et al., [@B22]). Our findings support this, showing a decrease in T, an increase in C, and stable E2 levels (Lacker et al., [@B39]).

The finding that physical health and psychological well-being remained stable in our sample is highly interesting considering that in the general population, a continuous age-related decline in both health dimensions has been reported (Murphy et al., [@B44]). A multi-national study conducted over a similar time span in a large general population sample revealed a stronger decrease in physical health compared to our sample, but an equally low decrease in psychological well-being (Bourassa et al., [@B8]). The findings from another study suggest that psychological well-being, and especially dimensions such as life satisfaction or negative affect, might decline in advanced age only (Hansen and Slagsvold, [@B31]). However, with the present sample of middle-aged and older men, we cannot draw definitive conclusions in this regard.

E2 seems to positively influence the course of psychological well-being in specifically healthy aging men, as shown in the present analyses. Interestingly, while a recent meta-analysis showed increased E2 levels for depressed men (Fischer et al., [@B23]), previous research suggested that E2 alone did not have an impact on markers of well-being such as mood (Beer et al., [@B6]). The latter finding was supported in our result, where the interaction of E2 was only significant after adding the interaction with T. Also in line with the latter finding, the TE2r was found to be associated with depressive symptoms in a very specific population of obese men (Monteagudo et al., [@B43]). The high-fat mass in these men presumably led to high aromatase activity and consequently to a parallel increase in E2 and a decrease in T (Vermeulen, [@B58]; Samaras et al., [@B49]). Concluding from these findings in obese men, we argue that it is generally not higher E2 alone that is responsible for reduced psychological well-being in aging men, but rather the interaction with reduced T levels. This ultimately results in an imbalance in the endpoints of the HPG axis, with effects on psychological well-being, where E2 is the main reason for this effect. This aspect also enables the integration with the recent meta-analysis by Fischer et al. ([@B23]).

The balance between the hormonal endpoints of the HPG and HPA axes may have an influence on psychological well-being. Previous research suggested functional connectivity between these two axes, through the existence of sex and adrenal steroid receptors in brain regions such as the hippocampus, amygdala or nuclei of the hypothalamus (Viau, [@B60]). In accordance with this, meta-analyses found T and C to be associated with mental health, which is closely related to psychological well-being (Adam et al., [@B1]; Walther et al., [@B64]). This implies that the balance between the two can also play a role in mental health maintenance. At first glance, it is thus surprising that we were unable to replicate this effect in the current sample. However, the present finding is in line with a previous report from our group in the same sample, in which we showed that psychosocial markers and biological markers change independently of each other (Lacker et al., [@B39]). Therefore, the lack of a relationship between the interaction of T and C and psychological well-being might be a phenomenon of healthy aging.

While the interplay between the endpoints of the HPG and HPA axes does not seem to explain changes in psychological well-being, T alone seems to be a predictor of physical health. This finding is in line with the literature. For example, a previous study with 407 participants revealed a low TCr to be an indicator of poor physical health, where T, but not C, differed significantly between a healthy and a non-healthy group (Wang et al., [@B66]). A recent review also supports the impact of T on physical health (Fiacco et al., [@B22]). In general, T shows anabolic effects, while C exhibits catabolic effects, with the former improving aspects of physical health (e.g., bone density) and the latter decreasing physical health (Dennison et al., [@B16]; Snyder et al., [@B52]). This might explain why T, but not C, was a significant predictor of physical health in our healthy aging sample. Similarly to psychological well-being, the lack of influence of the T and C interaction on physical health might reflect a healthy aging phenomenon, due to increased physical health in the investigated sample and thus adequate T and C values.

The interaction between the endpoints of the HPG axis does not seem to influence physical health in healthy aging men, as the T and E2 interactions did not have an impact on physical health in our sample. A previous general population study, however, concluded that the TE2r can be important for longevity (Menke et al., [@B42]). More specifically, low E2, as well as low T secretion, were associated with a higher cardiovascular risk. The same was found in another study for all-cause mortality (Hsu et al., [@B32]). In our study, T was a predictor of physical health only when the interaction with E2 was not included in the model. However, participants with higher T exhibited higher physical health, which is in line with the previously mentioned studies.

The androgen receptor gene polymorphism was suggested to potentially alter the course of physical health. According to our results, the androgen receptor gene polymorphism does appear to influence the course of subjectively experienced physical health even after controlling for longitudinal T secretion. Surprisingly, however, previous findings emphasized the role of the androgen receptor gene polymorphism in physical health in the patient samples, but not in a general population sample (Schneider et al., [@B50]). Furthermore, it has been shown that the androgen receptor gene polymorphism can modulate androgen action in the target cells (Eendebak et al., [@B19]), thus suggesting a potential mechanism to explain its influence on physical health. This is relevant, for example, in the patient samples with potentially altered endocrine secretion patterns. In the present study, we were able to replicate the association with subjective physical health, thus further strengthening the link between the androgen receptor gene polymorphism and physical health.

The mean length for the androgen receptor gene polymorphism in the present study was 17.8, and thus below the generally reported mean of approximately 21. This can be explained by the applied capillary electrophoresis method. Other studies using the same method also reported lower repeats of approximately three base-pairs for the androgen receptor gene polymorphism (Mansfield et al., [@B41]; Westberg et al., [@B68]; Boorman et al., [@B7]). Capillary electrophoresis can potentially include a systematic error. Due to an extensive pairing in the CAG region, the probability that this region will melt completely during the analyses is decreased (Mansfield et al., [@B41]; Boorman et al., [@B7]). This can lead to an underestimation of the true repeat length when comparing fragment peaks with standard curves (Boorman et al., [@B7]).

Some limitations of the present study need to be mentioned. The first refers to the high dropout rate, which was mostly due to the *post hoc* planning of the follow-up. Second, potential conclusions that are drawn from this study only refer to healthy aging men. The additional investigation of a non-healthy group could be beneficial. Third, the methodological issues of the genetic analyses hinder comparisons of the androgen receptor gene polymorphism length with other study findings, although the sample itself was very homogeneous. Fourth, the internal consistency for the physical health questionnaire scale was rather low in the current sample. This may point to the need to validate the questionnaire in a healthy aging population. Finally, there are also some statistical constraints within the study: we used a two-time-point design, which could only incorporate random intercepts, whereas more time points would enable detailed random slope analyses (Curran et al., [@B13]).

Besides this, our study has several distinct strengths. The longitudinal design enabled the detailed investigation of intraindividual changes over time. Moreover, we used validated questionnaires and protocols for data collection. Applying strict inclusion criteria, we specifically investigated healthy aging men. Furthermore, we applied sophisticated statistical methods, respecting interindividual differences while focusing on intraindividual changes.

To sum up, we found that E2 influenced the course of psychological well-being, while T was a predictor of physical health. Furthermore, the androgen receptor gene polymorphism was associated with the course of self-reported physical health but not the course of psychological well-being. Since self-reported perceived health and actual health are closely related (Dainese et al., [@B14]), these results provide new insights into the role of distinct endocrine and genetic parameters for the maintenance of health throughout the aging process in men. However, the interactions of biological and psychological aspects in healthy aging men remain poorly understood and require further study.
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